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The self-assembly of 4,4′-biphenyldicarboxylic acid on a Au(111) surface is investigated by means of in situ
ultra-high-vacuum scanning tunneling microscopy. Three types of open networks with increasing interpore
distance are observed. Experiments and theoretical calculations reveal that the two-dimensional porous networks
are stabilized by various types of hydrogen bonds between carboxyl groups and by van der Waals interactions.
Cyclic tetrameric and half-cyclic trimeric hydrogen-bonding motifs are shown to induce chirality in the open
networks.
Introduction
The self-assembly of organic molecular building blocks on
surfaces is a promising route toward functional nanoarchitec-
tures.1 Among the great variety of molecular building blocks,
molecules exhibiting carboxyl groups are particularly prominent
examples2 because of the capability of the carboxyl groups to
form robust hydrogen bonds (HBs) with the hydroxyl subgroup
acting as a donor and the carbonyl oxygen as an acceptor.2
Furthermore, carboxyl groups can deprotonate into carboxylates,
which are prone to coordinate with metal atoms.3 To date, the
most common H-bonding motifs for carboxylic acids both on
surfaces and in three-dimensional (3D) molecular crystals are
cyclic dimers, cyclic trimers, and catemeric motifs.2,4
The 4,4′-biphenyldicarboxylic acid (BPDA) molecule consists
of two phenyl rings and two carboxyl end groups (see the inset
of Figure 1a) and has been successfully exploited for the
fabrication of highly organized assemblies at surfaces.2,5-8
Stepanow and co-workers reported that, upon adsorption on the
Cu(100) surface at room temperature (RT), the BPDA molecules
form densely packed and ordered molecular adlayers with fully
deprotonated carboxylate moieties via lateral HBs between the
carboxylato oxygens and the phenyl groups of the adjacent
molecules, resulting in a perpendicular configuration of each
molecule to its four nearest neighbors.5 Addition of iron atoms
to the BPDA adlayer leads to the formation of metal-organic
coordination networks with rectangular pores, where the car-
boxyl groups are also deprotonated.6,7 Recently, Zhu et al.
observed that BPDA molecules are connected through linear
2-fold HBs with carboxyl groups of adjacent molecules and form
ordered close-packed islands on the Au(111) surface, where the
molecules in the same islands adopt a parallel configuration.8
The different behavior of BPDA molecules self-organization
on Cu(100) and Au(111) surfaces was attributed to the presence
(absence) of deprotonation of the carboxyl groups.8
Herein, we report on the formation of chiral porous networks,
as well as close-packed islands, with C2-symmetric BPDA
molecules on Au(111). Although the BPDA molecules are linear
and each includes two carboxyl end groups, in situ ultra-high-
vacuum scanning tunneling microscopy (STM) investigations
and theoretical calculations show that the BPDA molecules self-
assemble into a series of two-dimensional (2D) chiral porous
networks via various H-bonding motifs with carboxyl groups,
highlighting the flexibility of carboxylic acids in the synthesis
of surface-supported nanoarchitectures.2
Experiments
Experiments were performed in an ultra-high-vacuum variable
temperature STM system (Omicron) equipped with standard
surface preparation facilities. The Au(111) surface was prepared
by repeated cycles of sputtering with argon ions and annealing
at 450 °C. The BPDA molecules (Aldrich, 97% purity) were
deposited via vacuum sublimation from a Knudsen-type evapo-
rator. One monolayer (ML) refers to the completion of a close-
packed BPDA layer on Au(111), as estimated with STM. STM
images were acquired in constant-current mode at a sample
temperature of ∼50 K.
Molecular modeling was performed with the HyperChem,
version 7, program.9 Optimization in vacuum at the AM1 level
of theory gives two (meta)stable molecular configurations: a
fully planar one and an energetically slightly more favorable
configuration with the two phenyl rings twisted by about 47°.
Because the molecule-substrate interaction overrules the weak
steric repulsion between the phenyl ring hydrogens, BPDA
molecules adopt a planar configuration after adsorption on
Au(111).Therefore, we use the planar conformation after
optimization in vacuum at the PM3 level, which gives a
molecular configuration with C2 symmetry.
Intermolecular interactions were investigated by total energy
calculations performed using the Amber3 force field, as
implemented in the HyperChem, version 7, program.9 The
carboxyl groups were fully optimized, while the other atoms in
the molecules were fixed in these calculations. Interaction
energies were calculated for different intermolecular distances
and relative molecular orientations. The effect of the surface
was accounted for by forcing molecules to lie within the same
plane. To cross-check the configurations obtained by Amber3
force field calculations, density functional theory (DFT) calcula-
tions were performed at the X3LYP/6-31G(d) level using the
PC GAMESS, version 7, program.10,11
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Results and Discussion
After vapor deposition of ∼0.3 ML of BPDA molecules on
an atomically clean Au(111) surface at RT, we observe by STM
a variety of ordered porous phases as well as densely packed
islands at a sample temperature of ∼50 K, as seen in Figure
1a. Large-scale STM images (Figure 1b) demonstrate the
formation of long-range ordered close-packed islands of the
BPDA molecules on the Au(111) surface. A zigzag pattern can
be clearly seen as a modulation of the extended islands contrast
in the STM image. This zigzag pattern stems from the Au(111)-
22 × 3 herringbone reconstruction,12 which evidences that
the Au(111) surface reconstruction is not destroyed or lifted
upon deposition of the BPDA molecules, suggesting a weak
molecule-substrate interaction. Images at high magnification,
as the one shown in Figure 1c, illustrate a regular lattice with
lattice parameters of a ) 1.29 ( 0.06 nm, b ) 0.75 ( 0.05
nm, and R ) 50° ( 2°. Each molecule shows a rod feature,
which originates from the aromatic backbones. Although the
phenyl rings of BPDA molecules are twisted in vacuum, the
molecules adopt a flat adsorption configuration because of the
π-metal interaction. Amber3 force field and DFT calculations
(see the Supporting Information) unveil that the BPDA mol-
ecules in the close-packed islands are connected head-to-tail
via 2-fold cyclic HBs between carboxyl groups of adjacent
molecules, forming one-dimensional (1D) linear molecular
chains, which further close-pack into 2D extended ordered
islands via van der Waals (vdW) interactions. The corresponding
structural model is superposed to Figure 1c. This cyclic dimeric
HB pattern can be described as R22(8) in the graph-set notation
of Etter and co-workers.13 Similar self-assembly was also
observed for various aromatic linear dicarboxylic acids on metal
or graphite surfaces.8,14
Of particular interest is the formation of porous networks.
The overview STM image in Figure 2a illustrates the mesoscopic
ordering of BPDA porous networks in various domains. Highly
magnified STM images (Figure 2b-e) reveal the coexistence
of three ordered phases, which we denote as A, B, and C. These
ordered phases display similar networks with square pores,
although the detailed molecular arrangement and coordination
are different. The A and B phases can form extended domains,
whereas the C-phase domains are much smaller and appear
considerable less frequently.
The A phase demonstrates a square lattice with a lattice
parameter (pore-to-pore distance) of a ) 1.66 ( 0.05 nm. Each
unit cell consists of two molecules that are perpendicular to
each other. The basic bonding configuration of the BPDA
molecules in the A phase is a distorted cross that includes four
BPDA molecules, as seen in Figure 2b,c. Amber3 force field
and DFT calculations (see the Supporting Information) reveal
that the four molecules are connected via cyclic HBs between
carboxyl groups, corresponding to a graph-set notation of
R44(16).13 The calculated intermolecular separation of 1.66 nm
between two parallel molecules is well-consistent with STM
measurements. We note that this unique cyclic tetrameric HB
pattern was rarely reported and,15 in particular, never observed
so far in the self-assembly of aromatic linear dicarboxylic acids
on surfaces. Interestingly, both STM experiments and theoretical
calculations reveal that the long axes of BPDA molecules are
Figure 1. (a) Overview STM image showing the coexistence of open networks and close-packed islands of BPDA molecules. The inset shows the
chemical structure of BPDA. (b) Large-scale STM image showing the long-range ordered close-packed islands. (c) Close-up of the close-packed
islands. The unit cell and structural model are superposed.
Figure 2. STM images of ordered chiral open networks after deposition
of 0.3 ML of BPDA molecules on Au(111) at room temperature. (a)
Large-scale image showing the mesoscopic ordering of BPDA porous
networks in various domains. (b) A and B phases of the F domain. (c)
A and B phases of the λ domain. (d) C phase of the F domain. (e) C
phase of the λ domain. The unit cells of the A, B, and C phases are
marked with white dashed lines, and the corresponding structural models
are superposed.
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rotated away from the lattice vectors of the molecular network
by ∼10°, inducing 2D chirality into the BPDA networks (Figure
2b,c). Structural models of the left- and right-handed λ and F
domains and the connection of the cross of the A phase via
cyclic HBs are illustrated in Figure 3a.
Different from the square lattice of the A phase, the B phase
demonstrates an oblique lattice with lattice parameters of a )
1.67 ( 0.05 nm, b ) 2.03 ( 0.05 nm, and R ) 82 ( 2°, as
seen in Figure 2b,c. Each unit cell includes three BPDA
molecules, two parallel to each other and perpendicular to the
third one. There are thus two nonequivalent directions in an
extended domain of the B phase: single-row molecular chains
along one direction and double-row molecular chains along the
other direction. Similar to the A phase, the basic bonding
configuration of the BPDA molecules in the B phase is also a
distorted cross, which, however, consists of two “T”-shaped
motifs (with one rotated by 180°) and includes six BPDA
molecules in total, as shown in Figure 2b,c. Force field and
DFT calculations unveil that the three molecules inside a “T”-
shaped structure are connected via two single HBs (blue single
dashed lines in Figure 3b), leading to the formation of a half-
cycle of HBs (graph-set notation D22(6)).13 Two “T”-shaped
structures are bound via weak double HBs between the hydroxyl
subgroups of the carboxyls (red double dashed line in Figure
3b). The rotation of the long axes of BPDA molecules away
from the lattice vectors of the molecular networks also imprints
chirality onto the B phase (Figure 2b,c), similar to the A phase.
Figure 3b shows the calculated models of the λ- and F-chiral
domains and the connection of the distorted cross of the B phase
via two different types of HBs.
As the BPDA molecules in the B phase adopt rather similar
configurations to those in the A phase, it is not surprising that
the A and B phases perfectly match without introduction of
disorder at domain boundaries. The B phase can also be viewed
as an “inflation” of the A phase by addition of one more row
(with two molecules) into its cross configuration. Insertion of
one more row of BPDA molecules into the distorted cross of
the B phase leads to the formation of the still higher-order
structure of the C phase (Figure 2d,e), which can also seamlessly
connect to the A or B phases. The structural model for the C
phase is given in Figure 3c. Because the C phase is structurally
more complex than the A and B phases, the formation of
extended domains of this phase is kinetically hindered, resulting
in less frequent observation than the A and B phases.
In contrast to the coordination bonding between the depro-
tonated carboxylic groups and Fe atoms in the Fe-BPDA
metal-organic coordination networks reported by Stepanow and
co-workers,6,7 in the present case, the formation of H-bonded
open networks of BPDA molecules requires no additional
deposition of metal atoms onto the Au(111) surface. Although,
at first glance, the observed open networks appear rather similar
to the ones formed by the coordination of BPDA molecules
and iron atoms on Cu(100),6,7 we are convinced that no Au
adatoms are involved in the formation of the open networks of
the A, B, and C phases. High-resolution STM images reveal
the absence of additional features corresponding to Au adatoms
and different detailed structures from the metal-coordinated ones,
consistent with the force field and DFT calculations. Further-
more, if the open networks were Au-coordinated, one would
expect an obvious increase of the ratio of open networks to
close-packed domains of BPDA molecules after sample an-
nealing to elevated temperatures because annealing would
provide more Au adatoms and activate the deprotonation of the
carboxyl groups and thus promote a structural transition from
close-packed domains to metal-coordinated open networks.
However, we did not observe such an increase after sample
annealing up to g120 °C. Therefore, we conclude that the open
networks are stabilized by HBs between carboxyl groups and
vdW interactions rather than Au-BPDA coordination. The fully
protonated carboxylic groups of BPDA molecules are linked
through cross-shaped tetramer (in the A phase) and “T”-shaped
half-cyclic trimer (in the B and C phases) motifs, which are
further bonded via weak double HBs between hydroxyl sub-
groups. These unique binding arrangements demonstrate the high
flexibility of carboxylic acids in supramolecular self-assembly.
We have previously reported the formation of a series of
honeycomb networks with increasing interpore distance after
the self-assembly of C3-symmetric hexaphenylbenzene (HPB)
molecules on Au(111) surfaces and proposed that both the
Desiraju-Wuest postulate and Kitaigorodskii’s principle of
close-packing play important roles in determining 2D molecular
crystal structures.16 In the present case of C2-symmetric BPDA
molecules, the A, B, and C phases also constitute a series of
open networks with increasing interpore distance along one
lattice vector and a constant pore-to-pore distance along the other
direction. Molecular force field calculations (Figure 4) unveil
that the intermolecular interaction energies per molecule of
different phases increase in the order of close-packing < A < B
< C, whereas the intermolecular interaction energies per area
of different phases increase in the order of close-packing < C <
B < A, indicating that the close-packing phase is energetically
most stable and the A, B, and C phases are metastable with
nearly degenerate interaction energies. However, we note that
the molecule-substrate interaction is not considered in our force
field calculations, except that the molecules are forced to lie
within the same plane. It is well-known that the final structure
of the molecular self-assembly at surfaces is governed by the
subtle balance of intermolecular interaction and molecule-
substrate interaction. The coexistence of the close-packing
islands and the open networks of the A, B, and C phases
suggests that the molecule-substrate interaction should be taken
into account and all observed phases are metastable. Unfortu-
Figure 3. Structural models of the A, B, and C phases of the λ and F
chiral domains and their basic bonding configurations. (a) A phase.
(b) B phase. (c) C phase. Blue single and red double dashed lines
illustrate two different types of HBs.
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nately, a precise calculation of the molecule-substrate interac-
tion energy is hindered by the large unit cells of the molecular
superstructures and our limited computational capability. Re-
cently, Zhang et al. observed a series of open networks for C3-
symmetric 2,4,6-tris(2-pyridyl)-1,3,5-triazine (TPTZ) molecules
self-assembling on the Au(111) surface, but with the absence
of certain superstructure orders.17 This behavior was rationalized
by taking the molecule-substrate interaction into account.
Conclusions
In summary, we have investigated the self-assembly of BPDA
molecules on Au(111) at the submolecular level by STM. We
observe the formation of a variety of H-bonded 2D chiral porous
networks as well as close-packed islands. The capability to form
various hydrogen-bonding motifs with carboxyl groups high-
lights the flexibility of carboxylic acids in the synthesis of
surface-supported supramolecular architectures.
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Figure 4. Interaction energies per molecule and interaction energies
per area of the close-packing, A, B, and C phases obtained from Amber3
force field calculations.
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